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The identity of what triggers the loss of dopaminergic neurons containing neuromelanin in
Parkinson’s disease (PD) is still unknown. Fifty years since its introduction in PD therapy, L-dopa
is still the gold-standard drug despite severe side effects observed after 4 to 6 years of being
treated with it. There are no new therapies that can halt or slow down the progression of the
disease and much of the research efforts in this context have been destined to treat L-dopa-induced
dyskinesia. There is huge concern about the difficulties that have been observed in the translation
of successful preclinical results into clinical studies and new therapies in PD. The discovery of
genes associated with familiar forms of PD has made an enormous input into basic research, which
seeks to understand the degenerative process resulting in the loss of dopaminergic neurons in the
nigrostriatal system. Several mechanisms have been suggested to be involved in the degeneration
of nigrostriatal neurons in PD, including mitochondrial dysfunction, endoplasmic reticulum
stress, lysosomal and proteasomal protein degradation dysfunction, the formation of neurotoxic
alpha-synuclein (SNCA) oligomers, neuroinflammation, and oxidative stress.

MITOCHONDRIAL DYSFUNCTION

The brain is completely dependent on chemical energy (ATP) in order to perform the release
of neurotransmitters such as dopamine. Therefore, the existence of functional mitochondria is
essential to the performed role of a dopaminergic neuron, i.e., to release dopamine. Postmortem
brains with PD presented a deficiency in Complex I activity (Shapira et al., 1990; Esteves et al.,
2011). Reduced Complex I activity in platelet mitochondria, purified from patients with idiopathic
PD, has been observed (Esteves et al., 2011). CHCHD2 mutation in PD patient fibroblasts reduces
oxidative phosphorylation in Complexes I and IV and induces fragmentation of the mitochondrial
reticular morphology (Lee et al., 2018). A meta-analysis supports the deficit in Complexes I and IV
in the case of peripheral blood, the frontal cortex, the cerebellum and the substantia nigra in PD
(Holper et al., 2018). Analysis of mitochondria morphology in PD samples compared to controls
revealed a significant decrease in the number of healthy mitochondria per cell. Several genes
associated with familial forms of PD (PINK-1, DJ-1, Parkin, HTRA2) are linked to mitochondrial
impairment (Larsen et al., 2018). Parkinson’s disease, associated with vacuolar protein sorting 35
mutation, affects Complex I activity (Zhou et al., 2017). PINK1 and DJ-1 mutation induce energetic
inefficiency (Lopez-Fabuel et al., 2017). SNCA induces mitochondrial dysfunction (Devi et al., 2008;
Chinta et al., 2010; Nakamura et al., 2011; Martinez et al., 2018).
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ENDOPLASMIC RETICULUM STRESS

Endoplasmic reticulum is involved in secretory protein
translocation and the quality control of secretory protein folding.
Misfolded or unfolded proteins in the lumen accumulate under
endoplasmic reticulum stress, which causing an integrated
adaptive response identified as the unfolded protein response
(UPR), which seeks to restore proteostasis within the secretory
pathway (Cabral-Miranda and Hetz, 2018).

The UPR activation markers, phosphorylated eukaryotic
initiation factor 2alpha and phosphorylated pancreatic
endoplasmic reticulum kinase, were detected in dopaminergic
neurons containing neuromelanin in the substantia nigra of PD
patients. Interestingly, phosphorylated pancreatic endoplasmic
reticulum kinase was colocalized with an increased level of
SNCA (Hoozemans et al., 2007). Neuropathological analysis of
PD postmortem brain tissue revealed that pIREla is expressed
within neurons containing elevated levels of a-synuclein or
Lewy bodies (Heman-Ackah et al., 2017). SNCA triggers
endoplasmic reticulum stress via the protein kinase RNA-like
endoplasmic reticulum kinase/eukaryotic translation initiation
factor 2a signaling pathway (Liu et al., 2018). N370S mutation
and B-glucocerebrosidase-1 retention within the endoplasmic
reticulum induce endoplasmic reticulum stress activation,
triggering UPR and Golgi apparatus fragmentation (Garcia-Sanz
et al., 2017). It has been reported that endoplasmic reticulum
stress activates the chaperone-mediated autophagy pathway via
an EIF2AK3/PERK-MAP2K4/MKK4-MAPK14/p38-dependent
manner (Li et al., 2018).

DOPAMINE OXIDATION AND
PARKINSON’S DISEASE

One of the most characteristic features of the pathology of PD,
which results in the onset of motor symptoms, is the massive
loss of dopaminergic neurons containing neuromelanin in the
nigrostriatal system. As mentioned before, several mechanisms,
including mitochondrial dysfunction and endoplasmic reticulum
stress, have been proposed as being involved in the degeneration
of the nigrostriatal neurons in PD, but the question concerns
what triggers these mechanisms in dopaminergic neurons
containing neuromelanin. Many times, it has been suggested
that the involvement of exogenous neurotoxins triggers these
mechanisms, but the severe Parkinsonism induced by MPTP
in just 3 days in drug addicts who used synthetic drugs
contaminated with this compound undermines this idea
(Williams, 1986). The rate of the degenerative process in PD
takes years (Braak et al., 2004). The extremely slow degeneration
of the nigrostriatal neurons and slow progression of the disease
challenge the possible role of exogenous neurotoxins in the loss of
dopaminergic neurons containing neuromelanin, suggesting that
some endogenous neurotoxin must trigger these mechanisms.
A neurotoxic event, triggered by an endogenous neurotoxin,
will affect a single neuron without propagative effects, which
explains the extremely slow rate of this degenerative process in
PD. Among possible endogenous neurotoxins are the neurotoxic

SNCA oligomers. However, the prion-like hypothesis of SNCA
in PD pathogenesis is based on the propagation (neuron-
to-neuron transfer) of neurotoxic SNCA oligomers (Brundin
and Melki, 2017). According to this prion-like hypothesis,
a relatively rapid process is expected, in contrasting with
what happens in PD, which takes years. In addition, what
triggers the formation of neurotoxic SNCA oligomers inside the
dopaminergic neurons containing neuromelanin? Braak stage
hypothesis use the intraneuronal inclusion bodies to follow
the development of Parkinson’s disease where SNCA is one
of the aggregated proteins (Braak et al., 2004). What induces
SNCA aggregation in other brain region involved in non-motor
symptoms remains unclear. A possible explanation is that an
endogenous neurotoxin is formed inside dopaminergic neurons
containing neuromelanin during dopamine oxidation. The
formation of the pigment called neuromelanin in these neurons is
the result of dopamine oxidation into ortho(o)-quinones, which
is a pathway that involves the formation of three o-quinones in
a sequential manner (dopamine —> dopamine o-quinone —>
aminochrome— 5,6- indolequinone—> neuromelanin).

Dopamine o-quinone is able to form adducts with proteins,
such as ubiquitin carboxy-terminal hydrolase L1 (UCHL-1)
and Parkinsonism-associated deglycase (DJ-1, PARK7), as well
as ubiquinol-cytochrome ¢ reductase core protein 1, glucose-
regulated protein 75/mitochondrial HSP70/mortalin, mitofilin,
mitochondrial creatine kinase and glutathione peroxidase-4,
and a human dopamine transporter (Whitehead et al., 2001;
Van Laar et al, 2009; Hauser et al., 2013). Incubation of
purified tyrosine hydroxylase with dopamine and tyrosinase
also forms adducts with dopamine (Xu et al., 1998). Dopamine
o-quinone induces mitochondrial dysfunction (Berman and
Hastings, 1999). Exposure of cells to dopamine induced the
formation of dopamine adducts with parkin (LaVoie et al,
2005), but the identity of the 0-quinone involved in this reaction
(dopamine o-quinone or aminochrome) is not clear. Dopamine
o-quinone is completely unstable at physiological pH and cyclizes
immediately into aminochrome; thus, the question concerns
whether dopamine o-quinone has the opportunity to form
adducts with parkin in the cell cytosol overcrowded with other
proteins, molecules and organelles.

Aminochrome has been reported to be neurotoxic on account
of inducing mitochondrial dysfunction, endoplasmic reticulum
stress, autophagy dysfunction, proteasomal dysfunction,
oxidative stress, neuroinflammation, the disruption of the
cytoskeleton architecture and the formation of neurotoxic SNCA
oligomers (Arriagada et al., 2004; Zafar et al., 2006; Fuentes et al.,
2007; Zhou and Lim, 2009; Paris et al., 2010, 2011; Aguirre et al.,
2012; Muiioz et al., 2012, 2015; Huenchuguala et al., 2014, 2017;
Xiong et al., 2014; Bricefo et al., 2016; Santos et al., 2017; de
Aradjo et al.,, 2018; Segura-Aguilar and Huenchuguala, 2018)
(Figure 1).

5,6-Indolequinone, the precursor of neuromelanin, is
able to form adducts with SNCA (Bisaglia et al, 2010).
Dopaminochrome has also been reported to form adducts
with SNCA (Norris et al, 2005) and to be neurotoxic in
cell cultures (Linsenbardt et al., 2009, 2012). The unilateral
injection of dopaminochrome induced degeneration of the
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FIGURE 1 | Neuroprotection against aminochrome-induced neurotoxicity. In dopaminergic neurons, DT-diaphorase catalyzes the two-electron reduction

of aminochrome into leukoaminochrome, preventing aminochrome-induced endoplasmic reticulum stress and mitochondrial dysfunction. Leukoaminochrome is
rearranged into 5,6-dihydroxyindole, which oxidizes into 5,6-indolequinone and polymerizes into neuromelanin. In astrocytes, GSTM2 is able to conjugate both
dopamine o-quinone and aminochrome with GSH and DT-diaphorase can reduce aminochrome with two-electron to leukoaminochrome. However, astrocytes secrete
the enzyme GSTM2, whose dopaminergic neurons internalize in the cytosol. GSTM2 inside the dopaminergic neurons conjugates both dopamine o-quinone and
aminochrome with GSH, whose stable products are eliminated from dopaminergic neurons.

dopaminergic neurons within the substantia nigra (Touchette
et al., 2015). However, the structure of dopaminochrome has
not been determined by NMR; nor do we know the nature
of this structure. The dopaminochrome structure is different
to the aminochrome structure because dopaminochrome has
an absorption maximum of 303 and 479nm (Ochs et al,
2005), while aminochrome has an absorption maximum of
280 and 475nm and its structure has been confirmed by NMR
(Paris et al., 2010).

AMINOCHROME AND
PARKINSON'’S DISEASE

Dopamine oxidation into neuromelanin is a normal and
harmless pathway because neuromelanin accumulates with
age, with dopaminergic neurons containing neuromelanin
remaining intact in the substantia nigra of healthy seniors (Zecca
2002). Aminochrome is the most stable and studied o-
quinone formed during dopamine oxidation into neuromelanin.
Paradoxically, aminochrome under certain conditions can be
neurotoxic as a result of inducing mitochondrial dysfunction
(Arriagada et al.,, 2004; Paris et al., 2011; Aguirre et al., 2012;
Huenchuguala et al., 2017; Segura-Aguilar and Huenchuguala,

et al.,

2018), endoplasmic reticulum stress (Xiong et al., 2014), the
formation of neurotoxic SNCA oligomers (Muifioz et al., 2015;
Mufioz and Segura-Aguilar, 2017), proteasome dysfunction
(Zafar et al., 2006; Zhou and Lim, 2009), autophagy dysfunction
(Munoz et al., 2012; Huenchuguala et al., 2014), lysosome
dysfunction (Meléndez et al, 2018), neuroinflammation
(Santos et al, 2017; de Araujo et al, 2018), cytoskeleton
architecture disruption (Paris et al., 2010; Bricefio et al., 2016)
and oxidative stress (Arriagada et al, 2004). Aminochrome
in vivo induces neuronal dysfunction as a consequence
of mitochondrial dysfunction, decreased axonal transport
resulting in a significant decrease in the number of synaptic
monoaminergic vesicles, reduced dopamine release accompanied
by an increase in GABA levels, and a dramatic change in the
neurons’ morphology characterized as cell shrinkage (Herrera
et al., 2016). The explanation as to why dopamine oxidation
into neuromelanin is not a harmful pathway, despite the
formation of potential neurotoxic o-quinones, is because the
existence of two enzymes [DT-diaphorase and glutathione
transferase M2-2 (GSTM2)], which are able to prevent
aminochrome neurotoxicity. DT-diaphorase is expressed in
dopaminergic neurons and astrocytes and catalyzes the two-
electron reduction of aminochrome into leukoaminochrome,
preventing aminochrome one-electron reduction into the
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leukoaminochrome o-semiquinone radical, catalyzed by
flavoenzymes that transfer one electron and use NADH or
NADPH. DT-diaphorase prevents aminochrome-induced
cell death (Lozano et al., 2010), mitochondrial dysfunction
(Arriagada et al., 2004; Paris et al., 2011; Mufoz et al., 2012),
cytoskeleton architecture disruption (Paris et al, 2010),
lysosomal dysfunction (Meléndez et al., 2018), the formation of
neurotoxic SNCA oligomers (Mufioz et al., 2015; Mufoz and
Segura-Aguilar, 2017), oxidative stress (Arriagada et al., 2004);
dopaminergic neurons’ degeneration in vivo (Herrera-Soto et al.,
2017) and astrocytes dell death (Huenchuguala et al, 2016).
GSTM2 catalyzes the GSH conjugation of aminochrome into
4-S-glutathionyl-5,6-dihydroxyindoline, which is resistant to
biological oxidizing agents such as oxygen, hydrogen peroxide,
and superoxide (Segura-Aguilar et al, 1997). GSTM2 also
catalyzes the GSH conjugation of dopamine o-quinone into
5-glutathionyl-dopamine (Dagnino-Subiabre et al., 2000), which
degrades into 5-cysteinyl-dopamine. Interestingly, 5-cysteinyl-
dopamine is a stable metabolite that can be eliminated from
the cells. 5-Cysteinyl-dopamine has been found in substantia
nigra, caudate nucleus, putamen, globus pallidus, neuromelanin,
and the cerebrospinal fluid of PD patients (Rosengren et al,
1985; Carstam et al., 1991; Cheng et al., 1996). GSTM2 prevents
aminochrome-induced cell death, mitochondrial dysfunction,
autophagy, and lysosome dysfunction (Huenchuguala et al.,
2014; Segura-Aguilar, 2017a; Segura-Aguilar and Huenchuguala,
2018). The GSH conjugation of aminochrome prevents the
formation of neurotoxic SNCA oligomers by generating
nontoxic SNCA oligomers (Huenchuguala et al., 2018). GSTM2
is expressed in human astrocytes and it has been reported

REFERENCES

Aguirre, P., Urrutia, P., Tapia, V., Villa, M., Paris, L., Segura- Aguilar, J., et al. (2012).
The dopamine metabolite aminochrome inhibits mitochondrial complex I
and modifies the expression of iron transportersDMTland FPN1. Biometals
25,795-803. doi: 10.1007/s10534-012-9525-y

Arriagada, C., Paris, I, Sanchez de las Matas, M. J., Martinez-Alvarado, P.,
Cardenas, S., Castafeda, P., et al. (2004). On the neurotoxicity mechanism of
leukoaminochrome o-semiquinone radical derived from dopamine oxidation:
mitochondria damage, necrosis, and hydroxyl radical formation. Neurobiol Dis.
16, 468-477. doi: 10.1016/j.nbd.2004.03.014

Berman, S. B., and Hastings, T. G. (1999). Dopamine oxidation alters
mitochondrial respiration and induces permeability transition in brain
mitochondria: implications for Parkinson’s disease. J. Neurochem. 73,
1127-1137. doi: 10.1046/j.1471-4159.1999.0731127.x

Bisaglia, M., Soriano, M. E. Arduini, I, Mammi, S., and Bubacco, L.
(2010). of dopamine-derived quinones
reactivity toward NADH and glutathione: implications for mitochondrial
dysfunction in Parkinson disease. Biochim. Biophys. Acta 1802, 699-706.
doi: 10.1016/j.bbadis.2010.06.006

Braak, H., Ghebremedhin, E., Riib, U., Bratzke, H., and Del Tredici, K. (2004).
Stages in the development of Parkinson’s disease-related pathology. Cell Tissue
Res. 318, 121-134. doi: 10.1007/s00441-004-0956-9

Bricefio, A., Muioz, P., Brito, P., Huenchuguala, S., Segura-Aguilar, J., and Paris,
1. B. (2016). Aminochrome toxicity is mediated by inhibition of microtubules
polymerization through the formation of adducts with tubulin. Neurotox. Res.
29, 381-393. doi: 10.1007/512640-015-9560-x

Brundin, P., and Melki, R. (2017). Prying into the prion hypothesis for Parkinson’s
disease. J. Neurosci. 37, 9808-9818. doi: 10.1523/JNEUROSCI.1788-16.2017

Molecular  characterization

that astrocytes secrete GSTM2, while dopaminergic neurons
are able to internalize this enzyme into the cytosol, protecting
these neurons against aminochrome-induced neurotoxicity
(Cuevas et al., 2015; Segura-Aguilar, 2015, 2017b).

Mitochondrial dysfunction and endoplasmic reticulum
stress are two very important mechanisms involved in the
loss of dopaminergic neurons containing neuromelanin
in the nigrostriatal neurons in idiopathic PD. However,
the question concerns the common denominator in these
mechanisms: i.e., what triggers these mechanisms in
dopaminergic neurons containing neuromelanin in the
nigrostriatal system? We propose that aminochrome is
the endogenous neurotoxin that triggers mitochondrial
dysfunction and endoplasmic reticulum stress because
aminochrome is formed inside dopaminergic neurons
of the nigrostriatal system. In addition, aminochrome
also triggers other mechanisms involved in the loss of
dopaminergic neurons in the nigrostriatal system, such as
the formation of neurotoxic SNCA oligomers, oxidative stress,
neuroinflammation, and proteasomal and lysosomal protein
degradation dysfunction.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
has approved it for publication.

FUNDING

FONDECYT 1170033.

Cabral-Miranda, F., and Hetz, C. (2018). ER stress and neurodegenerative disease:
a cause or effect relationship? Curr. Top Microbiol. Immunol. 414, 131-157.
doi: 10.1007/82_2017_52

Carstam, R,, Brinck, C., Hindemith-Augustsson, A., Rorsman, H., and Rosengren,
E. (1991). The neuromelanin of the human substantia nigra. Biochim. Biophys.
Acta 1097,152-160. doi: 10.1016/0925-4439(91)90100-N

Cheng, F. C, Kuo, J. S, Chia, L. G., and Dryhurst, G. (1996). Elevated
5-S-cysteinyldopamine/ homovanillic acid ratio and reduced homovanillic
acid in cerebrospinal fluid: possible markers for and potential insights into
the pathoetiology of Parkinson’s disease. J. Neural Transm. 103, 433-446.
doi: 10.1007/BF01276419

Chinta, S. J., Mallajosyula, J. K., Rane, A., and Andersen, J. K. (2010).
Mitochondrial alpha-synuclein impairs complex I in
dopaminergic neurons and results in increased mitophagy in vivo. Neurosci.
Lett. 486, 235-239. doi: 10.1016/j.neulet.2010.09.061

Cuevas, C., Huenchuguala, S., Mufioz, P., Villa, M., Paris, I., Mannervik, B., et al.
(2015). Glutathione transferase-M2-2 secreted from glioblastoma cell protects
SH-SY5Y cells from aminochrome neurotoxicity. Neurotox. Res. 27, 217-228.
doi: 10.1007/512640-014-9500-1

Dagnino-Subiabre, A., Cassels, B. K., Baez, S., Johansson, A. S., Mannervik, B., and
Segura-Aguilar, J. (2000). Glutathione transferase M2-2 catalyzes conjugation
of dopamine and dopa o-quinones. Biochem. Biophys. Res. Commun. 274,
32-36. doi: 10.1006/bbrc.2000.3087

de Araujo, F. M., Ferreira, R. S., Souza, C. S., Dos Santos, C. C., Rodrigues,
T. L. R. S, et al. (2018). Aminochrome decreases NGF, GDNF and induces
neuroinflammation in organotypic midbrain slice cultures. Neurotoxicology 66,
98-106. doi: 10.1016/j.neuro.2018.03.009

Devi, L., Raghavendran, V. Prabhu, B. M, Avadhani, N. G, and
Anandatheerthavarada, H. K. (2008). Mitochondrial import and accumulation

accumulation

Frontiers in Neuroscience | www.frontiersin.org

March 2019 | Volume 13 | Article 271


https://doi.org/10.1007/s10534-012-9525-y
https://doi.org/10.1016/j.nbd.2004.03.014
https://doi.org/10.1046/j.1471-4159.1999.0731127.x
https://doi.org/10.1016/j.bbadis.2010.06.006
https://doi.org/10.1007/s00441-004-0956-9
https://doi.org/10.1007/s12640-015-9560-x
https://doi.org/10.1523/JNEUROSCI.1788-16.2017
https://doi.org/10.1007/82_2017_52
https://doi.org/10.1016/0925-4439(91)90100-N
https://doi.org/10.1007/BF01276419
https://doi.org/10.1016/j.neulet.2010.09.061
https://doi.org/10.1007/s12640-014-9500-1
https://doi.org/10.1006/bbrc.2000.3087
https://doi.org/10.1016/j.neuro.2018.03.009
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

Segura-Aguilar

Aminochrome: Mitochondrial Dysfunction, ER Stress

of alpha-synuclein impair complex I in human dopaminergic neuronal
cultures and Parkinson disease brain. J. Biol. Chem. 283, 9089-9100.
doi: 10.1074/jbc.M710012200

Esteves, A. R., Arduino, D. M., Silva, D. F., Oliveira, C. R,, and Cardoso,
S. M. (2011). Mitochondrial dysfunction: the road to alpha-synuclein
oligomerization in PD. Parkinson’s Dis. 2011:693761. doi: 10.4061/2011/693761

Fuentes, P., Paris, I., Nassif, M., Caviedes, P., and Segura-Aguilar, J. (2007).
Inhibition of VMAT-2 and DT-diaphorase induce cell death in a substantia
nigra-derived cell line-an experimental cell model for dopamine toxicity
studies. Chem. Res. Toxicol. 20, 776-783. doi: 10.1021/tx600325u

Garcia-Sanz, P., Orgaz, L., Bueno-Gil, G., Espadas, I., Rodriguez-Traver, E., et al.
(2017). N370S-GBA1 mutation causes lysosomal cholesterol accumulation in
Parkinson’s disease. Mov. Disord. 32, 1409-1422. doi: 10.1002/mds.27119

Hauser, D. N., Dukes, A. A., Mortimer, A. D., and Hastings, T. G. (2013).
Dopamine quinone modifies and decreases the abundance of the mitochondrial
selenoprotein glutathione peroxidase 4. Free Radic. Biol. Med. 65, 419-427.
doi: 10.1016/j.freeradbiomed.2013.06.030

Heman-Ackah, S. M., Manzano, R., Hoozemans, J. J. M., Scheper, W., Flynn,
R., Haerty, W., et al. (2017). Alpha-synuclein induces the unfolded protein
response in Parkinson’s disease SNCA triplication iPSC-derived neurons. Hum.
Mol. Genet. 26, 4441-4450. doi: 10.1093/hmg/ddx331

Herrera, A., Munoz, P., Paris, 1., Diaz-Veliz, G., Mora, S., Inzunza, J., et al.
(2016). Aminochrome induces dopaminergic neuronal dysfunction: a new
animal model for Parkinson’s disease. Cell Mol. Life Sci. 73, 3583-3597.
doi: 10.1007/s00018-016-2182-5

Herrera-Soto, A., Diaz-Veliz, G., Mora, S., Muiioz, P., Henny, P., Steinbusch,
H. W. M, et al. (2017). On the role of Dt-diaphorase inhibition in
aminochrome-induced neurotoxicity in vivo. Neurotox Res. 32, 134-140.
doi: 10.1007/s12640-017-9719-8

Holper, L., Ben-Shachar, D., and Mann, J. J. (2018). Multivariate meta-
analyses of mitochondrial complex I and IV in major depressive disorder,
bipolar disorder, schizophrenia, Alzheimer disease, and Parkinson disease.
Neuropsychopharmacology. 44:837-849. doi: 10.1038/s41386-018-0090-0

Hoozemans, J. J., van Haastert, E. S., Eikelenboom, P., de Vos, R. A., Rozemuller,
J. M., and Scheper, W. (2007). Activation of the unfolded protein response
in Parkinson’s disease. Biochem. Biophys. Res. Commun. 354, 707-711.
doi: 10.1016/j.bbrc.2007.01.043

Huenchuguala, S., Mufioz, P., Graumann, R,, Paris, I, and Segura-Aguilar,
J. (2016). DT-diaphorase protects astrocytes from aminochrome-induced
toxicity. Neurotoxicology 55,10-12. doi: 10.1016/j.neuro.2016.04.014

Huenchuguala, S., Mufioz, P., and Segura-Aguilar, J. (2017). The importance
of mitophagy in maintaining mitochondrial function in U373MG cells.
Bafilomycin Al restores aminochrome-induced mitochondrial damage. ACS
Chem. Neurosci. 8, 2247-2253. doi: 10.1021/acschemneuro.7b00152

Huenchuguala, S., Mufioz, P., Zavala, P., Villa, M., Cuevas, C., Ahumada, U,
et al. (2014). Glutathione transferase mu 2 protects glioblastoma cells against
aminochrome toxicity by preventing autophagy and lysosome dysfunction.
Autophagy 10, 618-630. doi: 10.4161/auto.27720

Huenchuguala, S., Sjédin, B., Mannervik, B., and Segura-Aguilar, J. (2018).
Novel alpha-synuclein oligomers formed with the
glutathione conjugate are not neurotoxic. Neurotox. Res. 35, 432-440.
doi: 10.1007/s12640-018-9969-0

Larsen, S. B., Hanss, Z., and Kriiger, R. (2018). The genetic architecture of
mitochondrial dysfunction in Parkinson’s disease. Cell Tissue Res. 373, 21-37.
doi: 10.1007/s00441-017-2768-8

LaVoie, M. J., Ostaszewski, B. L., Weihofen, A., Schlossmacher, M. G., and Selkoe,
D.J. (2005). Dopamine covalently modifies and functionally inactivates parkin.
Nat. Med. 11, 1214-1221. doi: 10.1038/nm1314

Lee, R. G., Sedghi, M., Salari, M., Shearwood, A. J]., Stentenbach, M.,
and Kariminejad, A. (2018). Early-onset Parkinson disease caused by a
mutation in CHCHD2 and mitochondrial dysfunction. Neurol. Genet. 4:¢276.
doi: 10.1212/NXG.0000000000000276

Li, W., Yang, Q., and Mao, Z. (2018). Signaling and induction of chaperone-
mediated autophagy by the endoplasmic reticulum under stress conditions.
Autophagy 14, 1094-1096. doi: 10.1080/15548627.2018.1444314

Linsenbardt, A. J., Breckenridge, J. M., Wilken, G. H., and Macarthur,
H. (2012). Dopaminochrome induces caspase-independent apoptosis

aminochrome-

in the mesencephalic cell line, MN9D. J. Neurochem. 122, 175-184.
doi: 10.1111/j.1471-4159.2012.07756.x

Linsenbardt, A. J., Wilken, G. H., Westfall, T. C., and Macarthur, H.,
(2009). Cytotoxicity of dopaminochrome in the mesencephalic cell line,
MNO9D, is dependent upon oxidative stress. Neurotoxicology 30, 1030-1035
doi: 10.1016/j.neuro.2009.07.006

Liu, M., Qin, L, Wang, L., Tan, J,, Zhang, H., Tang, J., et al. (2018). a-
synuclein induces apoptosis of astrocytes by causing dysfunction of the
endoplasmic reticulum-Golgi compartment. Mol. Med. Rep. 18, 322-332.
doi: 10.3892/mmr.2018.9002

Lopez-Fabuel, I, Martin-Martin, L., Resch-Beusher, M., Azkona, G., Sanchez-
Pernaute, R., and Bolanos, J. P. (2017). Mitochondrial respiratory chain
disorganization in Parkinson’s disease-relevant PINKI and DJ1 mutants.
Neurochem Int. 109, 101-105. doi: 10.1016/j.neuint.2017.03.023

Lozano, J., Muiioz, P., Nore, B. F,, Ledoux, S., and Segura-Aguilar, J. (2010). Stable
expression of short interfering RNA for DT-diaphorase induces neurotoxicity.
Chem. Res. Toxicol. 23, 1492-1496 doi: 10.1021/tx100182a

Martinez, J. H., Fuentes, F., Vanasco, V., Alvarez, S., Alaimo, A., Cassina, A.,
et al. (2018). Alpha-synuclein mitochondrial interaction leads to irreversible
translocation and complex I impairment. Arch. Biochem. Biophys. 651, 1-12.
doi: 10.1016/j.abb.2018.04.018

Meléndez, C., Munoz, P., and Segura-Aguilar, J. (2018). DT-diaphorase prevents
aminochrome-induced lysosome dysfunction in SH-SY5Y cells. Neurotox. Res.
35, 255-259. doi: 10.1007/s12640-018-9953-8

Muinoz, P., Cardenas, S., Huenchuguala, S., Briceio, A., Couve, E., Paris,
I, et al. (2015). DT-diaphorase prevents aminochrome-induced alpha-
synuclein oligomer formation and neurotoxicity. Toxicol. Sci. 145, 37-47.
doi: 10.1093/toxsci/kfv016

Muioz, P., Paris, I, Sanders, L. H., Greenamyre, J. T., and Segura-Aguilar, J.
(2012). Overexpression of VMAT-2 and DT-diaphorase protects substantia
nigra-derived cells against aminochrome neurotoxicity. Biochim. Biophys. Acta
1822, 1125-1136. doi: 10.1016/j.bbadis.2012.03.010

Muioz, P. S., and Segura-Aguilar, J. (2017). DT-diaphorase protects against
autophagy induced by aminochrome-dependent alpha-synuclein oligomers.
Neurotox. Res. 32, 362-367. doi: 10.1007/s12640-017-9747-4

Nakamura, K., Nemani, V. M., Azarbal, F., Skibinski, G., and Levy, J. M. (2011).
Direct membrane association drives mitochondrial fission by the Parkinson
disease-associated protein alpha-synuclein. J. Biol. Chem. 286, 20710-20726.
doi: 10.1074/jbc.M110.213538

Norris, E. H., Giasson, B. I., Hodara, R., Xu, S., Trojanowski, J. Q., Ischiropoulos,
H., et al. (2005). Reversible inhibition of alpha-synuclein fibrillization by
dopaminochrome-mediated conformational alterations. J. Biol. Chem. 280,
21212-22129. doi: 10.1074/jbc.M412621200

Ochs, S. D, Westfal, T. C, and Macarthur, H.
separation and  quantification  of using  high-
pressure  liquid  chromatography  with  electrochemical  detection.
J. Neurosci. Methods. 142, 201-208. doi: 10.1016/j.jneumeth.2004.
08.010

Paris, I., Mufoz, P., Huenchuguala, S., Couve, E., Sanders, L. H., Greenamyre,
J. T., et al. (2011). Autophagy protects against aminochrome-induced cell
death in substantia nigra-derived cell line. Toxicol. Sci. 121, 376-388.
doi: 10.1093/toxsci/kfr060

Paris, 1., Perez-Pastene, C., Cardenas, S., Iturriaga-Vasquez, P., Muioz, P., Couve,
E., et al. (2010). Aminochrome induces disruption of actin, alpha-, and beta-
tubulin cytoskeleton networks in substantia-nigra-derived cell line. Neurotox.
Res. 18, 82-92. doi: 10.1007/s12640-009-9148-4

Rosengren, E., Linder-Eliasson, E., and Carlsson, A. (1985). Detection of
5-S-cysteinyldopamine in human brain. J. Neural. Transm. 63, 247-253.
doi: 10.1007/BF01252029

Santos, C. C., Aratijo, F. M., Ferreira, R. S, Silva, V. B,, Silva, J. H., Grangeiro, M. S.,
etal. (2017). Aminochrome induces microglia and astrocyte activation. Toxicol.
in vitro. 42, 54-60. doi: 10.1016/j.tiv.2017.04.004

Segura-Aguilar, J. (2015). A new mechanism for protection of dopaminergic
neurons mediated by astrocytes. Neural. Regen. Res. 10, 1225-1227.
doi: 10.4103/1673-5374.162750

Segura-Aguilar, J. (2017a). Aminochrome as preclinical model for Parkinson’s
disease. Oncotarget 8, 45036-45037. doi: 10.18632/oncotarget.18353

(2005). The
aminochromes

Frontiers in Neuroscience | www.frontiersin.org

March 2019 | Volume 13 | Article 271


https://doi.org/10.1074/jbc.M710012200
https://doi.org/10.4061/2011/693761
https://doi.org/10.1021/tx600325u
https://doi.org/10.1002/mds.27119
https://doi.org/10.1016/j.freeradbiomed.2013.06.030
https://doi.org/10.1093/hmg/ddx331
https://doi.org/10.1007/s00018-016-2182-5
https://doi.org/10.1007/s12640-017-9719-8
https://doi.org/10.1038/s41386-018-0090-0
https://doi.org/10.1016/j.bbrc.2007.01.043
https://doi.org/10.1016/j.neuro.2016.04.014
https://doi.org/10.1021/acschemneuro.7b00152
https://doi.org/10.4161/auto.27720
https://doi.org/10.1007/s12640-018-9969-0
https://doi.org/10.1007/s00441-017-2768-8
https://doi.org/10.1038/nm1314
https://doi.org/10.1212/NXG.0000000000000276
https://doi.org/10.1080/15548627.2018.1444314
https://doi.org/10.1111/j.1471-4159.2012.07756.x
https://doi.org/10.1016/j.neuro.2009.07.006
https://doi.org/10.3892/mmr.2018.9002
https://doi.org/10.1016/j.neuint.2017.03.023
https://doi.org/10.1021/tx100182a
https://doi.org/10.1016/j.abb.2018.04.018
https://doi.org/10.1007/s12640-018-9953-8
https://doi.org/10.1093/toxsci/kfv016
https://doi.org/10.1016/j.bbadis.2012.03.010
https://doi.org/10.1007/s12640-017-9747-4
https://doi.org/10.1074/jbc.M110.213538
https://doi.org/10.1074/jbc.M412621200
https://doi.org/10.1016/j.jneumeth.2004.08.010
https://doi.org/10.1093/toxsci/kfr060
https://doi.org/10.1007/s12640-009-9148-4
https://doi.org/10.1007/BF01252029
https://doi.org/10.1016/j.tiv.2017.04.004
https://doi.org/10.4103/1673-5374.162750
https://doi.org/10.18632/oncotarget.18353
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

Segura-Aguilar

Aminochrome: Mitochondrial Dysfunction, ER Stress

Segura-Aguilar, J. (2017b). On the role of endogenous neurotoxins and
neuroprotection in Parkinson’s disease. Neural. Regen. Res. 12, 897-901.
doi: 10.4103/1673-5374.208560

Segura-Aguilar, J., Baez, S., Widersten, M., and Welch, C. J. (1997). Mannervik,
B. Human class Mu glutathione transferases, in particular isoenzyme M2-2,
catalyze detoxication of the dopamine metabolite aminochrome. J. Biol. Chem.
272,5727-5731. doi: 10.1074/jbc.272.9.5727

Segura-Aguilar, J., and Huenchuguala, S. (2018). Aminochrome induces
irreversible mitochondrial dysfunction by inducing autophagy dysfunction in
Parkinson’s disease. Front. Neurosci. 12:106. doi: 10.3389/fnins.2018.00106

Shapira, A. H. V., Cooper, J. M., Dexter, D., Clark, J. B., Jenner, P., and
Marsden, C. D. (1990). Mitochondrial complex I deficiency in Parkinson’s
disease. J. Neurochemistry 54, 823-827. doi: 10.1111/§.1471-4159.1990.
tb02325.x

Touchette, J. C., Breckenridge, J. M., Wilken, G. H., and Macarthur,
H. (2015). Direct intranigral
degeneration of dopamine
doi: 10.1016/j.neulet.2015.12.028

Van Laar, V. S., Mishizen, A. J., Cascio, M., and Hastings, T. G. (2009).
Proteomic identification of dopamine-conjugated proteins from isolated
rat brain mitochondria and SH-SY5Y cells. Neurobiol. Dis. 3, 487-500.
doi: 10.1016/j.nbd.2009.03.004

Whitehead, R. E., Ferrer, J. V., Javitch, J. A., and Justice, J. B. (2001).
Reaction of oxidized dopamine with endogenous cysteine residues
in the human dopamine transporter. J. Neurochem. 76, 1242-1251.
doi: 10.1046/j.1471-4159.2001.00125.x

Williams, A. (1986). MPTP toxicity: clinical features. J. Neural. Transm. Suppl.
20, 5-9.

Xiong, R. Siegel, D., and Ross, D. (2014). Quinone-induced protein
handling changes: implications for major protein handling systems
in quinone-mediated toxicity. Toxicol. Appl. Pharmacol. 280, 285-295.
doi: 10.1016/j.taap.2014.08.014

causes
178-184.

injection of dopaminochrome

neurons. Neurosci. Lett. 612,

Xu, Y. Stokes, A. H. Roskoski,
Dopamine, in the
and  inactivates
691-697. doi:
JNR14&gt;3.0.CO;2-F

Zafar, K. S., Siegel, D., and Ross, D. (2006). A potential role for cyclized
quinones derived from dopamine, DOPA, and 3,4- dihydroxyphenylacetic
acid in proteasomal inhibition. Mol. Pharmacol. Pharmacol. 70, 1079-1086.
doi: 10.1124/mol.106.024703

Zecca, L., Fariello, R., Riederer, P., Sulzer, D., Gatti, A., and Tampellini, D.
(2002). The absolute concentration of nigral neuromelanin, assayed
by a new sensitive method, increases throughout the life and is
dramatically decreased in Parkinson’s disease. FEBS Lett. 510, 216-220.
doi: 10.1016/S0014-5793(01)03269-0

Zhou, L., Wang, W., Hoppel, C., Liu, J., and Zhu, X. (2017). Parkinson’s
disease-associated  pathogenic ~ VPS35 complex I
deficits. Biochim. Biophys. Acta Mol. 2791-2795.
doi: 10.1016/j.bbadis.2017.07.032

Zhou, Z. D., and Lim, T. M. (2009). Dopamine (DA) induced irreversible
proteasome inhibition via DA derived quinones. Free Radic. Res. 43, 417-430.
doi: 10.1080/10715760902801533

R. Jr, and Vrana,
presence of tyrosinase, covalently —modifies
tyrosine  hydroxylase. J.  Neurosc. ~ Res. 54,
10.1002/(SICI)1097-4547(19981201)54:5&1t;691::AID-

K. E. (1998).

mutation
Basis  Dis.

causes
1863,

Conflict of Interest Statement: The author declares that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Segura-Aguilar. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org

March 2019 | Volume 13 | Article 271


https://doi.org/10.4103/1673-5374.208560
https://doi.org/10.1074/jbc.272.9.5727
https://doi.org/10.3389/fnins.2018.00106
https://doi.org/10.1111/j.1471-4159.1990.tb02325.x
https://doi.org/10.1016/j.neulet.2015.12.028
https://doi.org/10.1016/j.nbd.2009.03.004
https://doi.org/10.1046/j.1471-4159.2001.00125.x
https://doi.org/10.1016/j.taap.2014.08.014
https://doi.org/10.1002/(SICI)1097-4547(19981201)54:5&lt
https://doi.org/10.1124/mol.106.024703
https://doi.org/10.1016/S0014-5793(01)03269-0
https://doi.org/10.1016/j.bbadis.2017.07.032
https://doi.org/10.1080/10715760902801533
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

	On the Role of Aminochrome in Mitochondrial Dysfunction and Endoplasmic Reticulum Stress in Parkinson's Disease
	Mitochondrial Dysfunction
	Endoplasmic Reticulum Stress
	Dopamine Oxidation and Parkinson's Disease
	Aminochrome and Parkinson's Disease
	Author Contributions
	Funding
	References


